Down syndrome critical region 1 (DSCR1), an oxidative stress-response gene, interacts with calcineurin and represses its phosphatase activity. Recently it was shown that hydrogen peroxide inactivates calcineurin by proteolytic cleavage. Based on these facts, we investigated whether oxidative stress affects DSCR1-mediated inactivation of calcineurin. We determined that overexpression of DSCR1 leads to increased proteolytic cleavage of calcineurin. Convertsely, knockdown of DSCR1 abolished calcineurin cleavage upon treatment with hydrogen peroxide. The PXIIXT motif in the COOH-terminus of DSCR1 is responsible for both binding and cleavage of calcineurin. The knockdown of overexpressed DSCR1 in DS fibroblast cells also abrogated calcineurin proteolysis by hydrogen peroxide. These results suggest that DSCR1 has the ability to inactivate calcineurin by inducing proteolytic cleavage of calcineurin upon oxidative stress.
Introduction
Calcineurin (also known as protein phosphatase 3), a calcium and calmodulin-dependent protein serine/ threonine phosphatase plays a critical role in various biological processes. Calcineurin is involved in the regulation of T cell development, heart valve and myocardial development, and in neuronal memory and learning (Aramburu et al., 2000; Crabtree 2001) . Calcineurin is also related with Alzheimer's disease (AD). Calcineurin, whose phosphatase activity is decreased in AD, dephosphorylates τ, which is abnormally phosphorylated in AD (Gong et al., 1994) .
Down syndrome critical region 1 (DSCR1) belongs to a family of evolutionarily conserved proteins that can directly bind and inhibit calcineurin (Fuentes et al., 2000; Kingsbury and Cunningham, 2000; Ermak et al., 2002) . DSCR1 is involved in the regulation of various cellular functions (Harris et al., 2005) . It is overexpressed in the brains of Down Syndrome (DS) fetuses and in post-mortem brain samples from AD patients (Fuentes et al., 2000; Ermak et al., 2001) . DSCR1 has also been implicated in cardiac valve formation and in inhibition of cardiac hypertrophy Lange et al., 2004) . DSCR1, induced by VEGF, TNF-α, and calcium ionophore, participates in endothelial cell migration and angiogenesis (Iizuka et al., 2004; Yao and Duh, 2004) .
In addition to DSCR1, other endogenous proteins such as A-kinase anchoring protein-79 (AKAP79), Cabin1, and CNB homologous protein (CHP) also inhibit calcineurin activity (Lin and Barber, 1996; Kashishian et al., 1998; Lai et al., 1998) . Unlike these inhibitors, DSCR1 has a unique feature as a dual regulator of calcineurin (Vega et al., 2003) . Both overexpression and deletion of DSCR1 impairs calcineurin activity Vega et al., 2003) . As far as we know, however, naturally occurring DSCR1-related pathologies are limited to its overexpression in cases like DS and AD. Therefore, our major concern is the mechanism of calcineurin inhibition in conditions of DSCR1 overexpression.
To date, many studies have focused on the inhibitory mechanism of interaction between calcineurin and DSCR1. For example, a previous study showed that DSCR1 binds to the catalytic domain of the CNA subunit . Although some subtle discrepancies in the binding domain exist among these studies, the C-terminal half of DSCR1 is responsible for this interaction in all studies Vega et al., 2002; Chan et al., 2005; Aubareda et al., 2006) . There is no doubt that this direct interaction is an important mechanism for inhibition. However, this mode of inhibition is usually reversible. In our previous study, we demonstrated that H 2 O 2 triggers proteolytic cleavage and irreversible inactivation of calcineurin (Lee et al., 2007 
Results

DSCR1 overexpression leads to accelerated cleavage of calcineurin
Previously, we showed that H2O2 triggers proteolytic cleavage and inactivation of calcineurin (Lee et al., 2007) . When we transfected SK-N-SH cells with mammalian expression vectors for calcineurin and its endogenous inhibitors, we found that DSCR1 overexpression resulted in proteolytic cleavage of calcineurin, similar to H2O2 ( Figure 1A ). However, AKAP79 and Cabin1 did not trigger the calcineurin proteolysis ( Figure 1A ). To confirm this result, we generated recombinant DSCR1 adenovirus (Ad-DSCR1) and then infected mouse primary cortical neurons with Ad-DSCR1 or Ad-Mock. DSCR1 overexpression not only led to cleavage of endogenous calcineurin, but also accelerated the cleavage of calcineurin upon exposure to H2O2 ( Figure 1B ). In the same way, DSCR1 increased the proteolysis of ectopically overexpressed calcineurin ( Figure 1C ). To determine whether another member of DSCR family, DSCR1L1 (ZAKI-4), was also able to accelerate CN cleavage, we transfected SK-N-SH cells with increasing amounts of DSCR1L1 expression plasmid in the presence of a calcineurin expression vector. Increasing amounts of DSCR1L1 expression also increased the level of cleaved CN fragment ( Figure 1D ).
DSCR1 knockdown inhibits calcineurin cleavage upon H 2 O 2 exposure
To assess the effects of DSCR1 knockdown on calcineurin proteolysis, siRNA was used to reduce DSCR1 levels in the human neuroblastoma cell line SK-N-SH. siRNA that targets GFP sequence was used as a control for nonspecific effects of siRNA transfection. Transient transfection of SK-N-SH cells with the DSCR1 siRNA oligonucleotide reduced DSCR1 mRNA and protein levels ( 
Proteolytic cleavage of calcineurin requires interaction between DSCR1 and calcineurin
Because DSCR1 is known to interact with and regulate calcineurin, we next asked if binding of DSCR1 was involved in calcineurin cleavage. We therefore generated several truncated mutants of DSCR1 ( Figure 3A Figure 3B , indicated by an asterisk). The C-terminus of DSCR1, which contains a PXIIXT motif, is reported to interact with calcineurin (Chan et al., 2005; Aubareda et al., 2006) . To confirm these results in our system, we performed co-immunoprecipitation assays in HEK293 cells. DSCR1 mutant lacking the FLISPPXSPP motif (ΔSPP; amino acids 1-106/121-197) retained calcineurin-binding activity ( Figure 3C , left panel, lane 3). In contrast, deletion of DSCR1 PXIIXT motif (1-177) diminished the binding to CN ( Figure 3C , left panel, lane 4) and changed the cleavage pattern of calcineurin ( Figure 3C, right panel) . Truncation of both the FLISPPXSPP motif and the PXIIXT motif abolished the ability to interact with calcineurin. In addition, double truncation also abolished the ability of DSCR1 to mediate calcineurin cleavage ( Figure 3C , right panel).
Requirement of DSCR1 for calcineurin proteolysis in DS fibroblast
To verify the role of DSCR1 in proteolysis of calcineurin in physiological conditions, we used skin fibroblasts of a DS patient. Western blot analysis revealed that DSCR1 protein is overexpressed in DS fibroblasts ( Figure 4A) . We compared the H 2 O 2 -induced cleavage fragment of calcineurin from DS fibroblast lysate with that from normal control fibroblast lysate. There were no significant differences in calcineurin protein levels between DS and control under normal conditions. Interestingly, however, DS fibroblasts treated with H 2 O 2 exhibited accelerated cleavage of calcineurin compared to control fibroblasts ( Figure 4A ). In addition, knockdown of overexpressed DSCR1 in DS fibroblast cells resulted in a concomitant reduction in calcineurin cleavage by H 2 O 2 ( Figure 4B ). Judging from these data, DSCR1 plays an important role in H 2 O 2 -mediated calcineurin proteolysis under physiological conditions.
Discussion
DSCR1 interacts with the CNA catalytic subunit and inhibits calcineurin phosphatase activity Vega et al., 2002; Chan et al., 2005; Aubareda et al., 2006) . Here we show that overexpressed DSCR1 can also increase the proteolysis of calcineurin while other inhibitor proteins cannot (Figure 1 ). This is a completely novel mode of calcineurin inhibition by DSCR1. In many respects, DSCR1 is a unique inhibitor of calcineurin. First, DSCR1 is transcriptionally induced by calcineurin activity and thereby participates in a negative feedback loop . Second, DSCR1 is a dual regulator of calcineurin as both an inhibitor and an activator. Low concentrations of DSCR1 stimulate calcineurin activity, whereas high concentrations suppress calcineurin activity (Hilioti et al., 2004) . Our results suggest another unique feature in that DSCR1 overexpression causes proteolysis of calcineurin.
We previously published that H 2 O 2 mediates the proteolysis of calcineurin and irreversibly inactivates calcineurin (Lee et al., 2007) . H 2 O 2 has been shown to be a major component of reactive oxygen species (ROS) in cells and the irreversible damages of ROS action have been implicated in a variety of disorders and aging process (Rhee, 1999) . Several proteomic-and meta-analyses revealed that H2O2 induces various cellular proteins (Seong et al., 2002; Vandenbroucke et al., 2008) . DSCR1 mRNA is induced by H2O2 (Crawford et al., 1997) , and its protein product is overexpressed in DS and AD brains, which show excessive H2O2 levels (Fuentes et al., 2000; Ermak et al., 2001) . Therefore, DSCR1 is probably involved in calcineurin proteolysis in the H2O2-rich environment. Although overexpressed DSCR1 causes proteolytic cleavage of calcineurin in vivo, DSCR1 itself does not have proteolytic activity. When DSCR1 or DSCR1L1 (ZAKI-4) expression was down-regulated using RNA interference, however, H2O2 could not trigger proteolytic cleavage of calcineurin (Figure 2) . Consequently, DSCR1 may regulate other proteases as a component of a protease complex. It may function as an adaptor protein that facilitates a physical association between calcineurin and an unknown protease and provide structural stability to these complexes. Still, the detailed mechanisms remain to be discovered.
We also investigated the domain of DSCR1 that is involved in calcineurin proteolysis. As already reported, the C-terminal half of DSCR1 is required for calcineurin binding Vega et al., 2002; Chan et al., 2005; Aubareda et al., 2006) . In addition, overexpression of the C-terminal fragment leads to calcineurin cleavage ( Figure  3 ). C-terminal region contains the FLISPPXSPP motif, which is conserved from yeast to human. Consistent with a previous study (Chan et al., 2005) , our results suggest that the FLISPPXSPP motif is not required for interaction with calcineurin, whereas the PXIIXT motif is needed for the interaction (Figure 3 ). As expected, truncation of the FLISPPXSPP motif had no effect on calcineurin cleavage. However, truncation of PXIIXT caused an unexpected result. Interestingly, when PXIIXT motif-deleted DSCR1 was overexpressed, calcineurin was cleaved at a different position. However, double deletion of both the FLISPPXSPP and PXIIXT motifs abrogated the ability of DSCR1 to accelerate the cleavage of calcineurin. Taken together, these results suggest that the PXIIXT motif alone is sufficient for calcineurin-DSCR1 interaction, but that the FLISPPXSPP motif also plays a role in recruitment and formation of a complex with an unknown protease, DSCR1 and calcineurin.
Finally, we confirmed these data under physiological conditions. We examined DSCR1 protein expression in skin fibroblasts from a DS patient. DSCR1 is overexpressed in the brain of DS fetuses (Fuentes et al., 2000) . Here we showed that DSCR1 is overexpressed at the protein level in DS fibroblasts compared to normal fibroblasts. Likewise, DS fibroblasts exhibited accelerated cleavage of calcineurin compared to normal fibroblasts when treated with an equal amount of H2O2 (Figure 4) . Moreover, knockdown of DSCR1 in DS fibroblasts completely blocked the protease activity induced by H2O2, suggesting that DSCR1 may be an essential component of a protease complex regulated by oxidative stress.
Methods
Cell culture
To obtain primary cortical neuron cultures, embryos were surgically removed from ICR mice (E.15.5); their cortices were dissected and cultured as described (Koh et al., 1995) . The skin fibroblast cells from a Down syndrome patient (D) and a normal person (N) were obtained from the Aging Cell Repository of the Coriell Cell Repository (CCR). Down syndrome fibroblast was AG08942 (21-yearold male patient) and control fibroblast was AG10803 (22-year-old healthy male). Fibroblast cells were grown in DMEM with 15% (v/v) FBS and 50 ml -1 streptomycin and penicillin. Human embryonic kidney (HEK) 293 cells and human neuroblastoma SK-N-SH cells were obtained from American Type Culture Collection and grown in DMEM containing 10% (v/v) FBS, 50 U/ml streptomycin and penicillin.
Transfection and DNA construct
SK-N-SH cells were transfected using Lipofectamine reagent (Life Technologies, Carlsbad, CA) according to the manufacturer's protocol. HEK 293 cells were transfected by the calcium phosphate method. Expression vectors for DSCR1 mutants were constructed by subcloning PCR fragments into the pcDNA-FLAG vector (Clontech, Palo Alto, CA). Detailed information about the DNA constructs used in this study is available upon request.
Adenoviral infection
Recombinant adenoviruses were generated as previously described (He et al., 1998) . DSCR1 cDNA containing a carboxy-terminal FLAG epitope tag was inserted into pAdTrack vector before recombination with pAdEasy-1 vector. Recombination between the pAdEasy-1 and pAdTrack vectors resulted in adenovirus green fluorescent protein (Ad-GFP). Viruses were propagated in the 293A cell line and prepared by freezing and thawing 4 times. Mouse primary cortical neurons were infected with adenoviruses and the infection efficiency was about 90-100%. Cells were harvested for preparation of protein extracts 48 h after infection.
siRNA
The siRNA nucleotides targeting human DSCR1 or ZAKI-4 and control siRNA targeting GFP were purchased from Dharmacon (Chicago, IL). The siRNA sequences were as follows: human DSCR1 siRNA, 5'-AAACGAGUCAGAAU-AAACUUU-3'; human ZAKI-4 siRNA, 5'-GUGACGUUCCA-GCUAUUUAUU-3' and control GFP siRNA, 5'-GGCUAC-GUCCAGGAGCGCACCUU-3'. siRNA transfections were performed using Oligofectamine (Life Technologies) according to the manufacturer's instructions.
RT-PCR
Knockdown of specific genes was analyzed by RT-PCR. β-actin was used as a standard. The primer sequences were as follows: DSCR1 forward primer, 5'-GAGTTTCT-GGGAAAGGAAAT-3' and reverse primer, 5'-AGCTTGG -AGATGGCATATAA-3'; ZAKI-4, 5'-GCCAAACAGTTTCTCA-TCTC-3' and 5'-GCATGGAGCTCATACTTCTC-3'; β-actin, 5'-GGCATCCACGAAACTACCTT-3' and 5'-CTGTGTGGA-CTTGGGAGAGG-3.
Immunoprecipitation and pull-down assay
Immunoprecipitation and pull-down assays were described previously (Kim et al., 2008) . Briefly, HEK293 cells were transfected with mammalian expression vectors for wild-type and truncated mutants of GST-tagged DSCR1 or Flagtagged DSCR1 in the presence of calcineurin expression plasmid. Lysates were prepared in lysis buffer (20 mM Tris, 150 mM NaCl, 0.5% NP-40, and 2 mM PMSF, pH 7.4). Supernatants obtained by centrifugation at 12,000 × g were incubated with glutathione-sepharose 4B beads or protein-G beads pre-bound with anti-FLAG antibody for 2 h at 4 o C. The bead complexes were washed three times with lysis buffer; the proteins were then released in SDS sample buffer and detected by western blotting using the appropriate antibody.
DSCR1 antibody
We generated an anti-DSCR1 polyclonal antibody by immunizing rabbits with antigen peptide. The peptide sequence was KIIQTRRPEYTPIHLS, which is the proximal C-terminus of human DSCR1. We added a cysteine to the N-terminus of this peptide and conjugated the peptide to keyhole limpet hemocyanin prior to immunization. Anti-DSCR1 serum was affinity-purified by passage through a column of covalently linked DSCR1 immunization peptide.
